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Abstract
Governmental agri-environment schemes (AES) aim to improve pollinator abundance and diversity on farmland by sowing 
wildflower seed mixes. These often contain high proportions of Fabaceae, particularly Trifolium (clovers), which are attrac-
tive to some bumblebee species, but not to most of the ~ 240 solitary bee species in the UK. Here we identify wildflowers 
that are attractive to a greater range of wild bee species. Forty-five wildflower species being farmed for commercial seed 
production on a single farm were surveyed for native bees. Bee walks were conducted through discrete wildflower areas 
from April until August in 2018. The results indicate that including a range of Apiaceae, Asteraceae, and Geraniaceae in 
seed mixes would cater for a wide diversity of bee species. A total of 14 wildflower species across nine families attracted 
37 out of the 40 bee species recorded on the farm, and accounted for 99.7% of all visitations. Only two of these 14 species 
are included in current AES pollinator mixes. Unexpectedly, few visits were made by bumblebees to Trifolium spp. (0.5%), 
despite their being considered an important food source for bumblebees, while Anthyllis vulneraria and Geranium pratense 
were highly attractive. For solitary bees, Crepis capillaris, Sinapsis arvensis, Convolvulus arvensis and Chaerophyllum 
temulum were amongst the best performing species, none of which are usually included in sown flower mixes. We suggest 
that the standard ‘pollinator’ mixes used in AES might be updated to include some of these wildflower species, and trialled 
as seed mixes on farmland.
Keywords Agri-environment scheme · Wildflowers · Solitary bees · Bumblebees · Pollinators · Seed mix
Introduction
Traditionally, honey bees have been the main or only man-
aged crop pollinator, though there are instances of bum-
blebees and solitary bees (encompassing all non-corbic-
ulate, non-Bombus wild bee species) being managed for 
enhancing pollination of specific crops (Gruber et al. 2011; 
Sheffield 2014; Zhang et al. 2015). However, recent stud-
ies have revealed that wild bees play a substantial role in 
crop pollination. In the UK, it is estimated that honey bees 
contribute at best 30% of crop pollination, the remainder 
being delivered by wild bees (Breeze et al. 2011). Crop 
yields improve with increased pollinator functional diver-
sity (Hoehn et al. 2008), fruit and seed set improve when 
wild bees are present (Garibaldi et al. 2013; Campbell et al. 
2017), and due to the loose pollen held on body hairs, indi-
vidual visits by solitary bees often transfer more pollen than 
visits by honey bees (Woodcock et al. 2013). Additionally, 
wild bees are important for the pollination of wildflowers 
(Forup and Memmott 2005; Biesmeijer et al. 2006; Rollin 
et al. 2016), with some rarer wildflower species relying on 
specific native bees to ensure their survival (Gibson et al. 
2006), and there is evidence that wildflowers might not be 
adequately pollinated with decreased pollinator abundance 
(Jacobs et al. 2009). It is therefore vital we maintain our wild 
bee populations to ensure the continued pollination of our 
crops and wildflowers.
Insects have been declining at alarming rates over the 
past century. The biomass of flying insects declined by 
76% on nature reserves in Germany over the past 27 years 
(Hallmann et al. 2017), and although annual surveys of 
cereal crops in an area of southern UK reported an overall 
Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1084 1-019-00180 -8) contains 
supplementary material, which is available to authorized users.
 * Rachel N. Nichols 
 R.Nichols@sussex.ac.uk
1 School of Life Sciences, University of Sussex, John Maynard 
Smith (JMS) Building, Falmer, Brighton BN1 9QG, UK
2 Game and Wildlife Conservation Trust, Burgate Manor, 
Fordingbridge, Hampshire SP6 1EF, UK
 Journal of Insect Conservation
1 3
decline in insect abundance of 35% over 42 years, there 
was considerable variation between taxa, with some show-
ing increases or no decline (Ewald et al. 2015, 2016). Spe-
cifically, the extinction rate of pollinating aculeates has 
increased significantly since the late nineteenth Century 
(Ollerton et al. 2014), with wild bees decreasing across 
52% of areas within Britain (Biesmeijer et  al. 2006). 
The Red List for wild bees in Europe (Nieto et al. 2014) 
estimates that 9.2% of wild bee species are ‘threatened’, 
increasing to over 60% of species when taking Data Defi-
cient species into consideration, showing just how little 
data is available for the majority of wild bee species. Of 
the 77 European species given ‘threatened’ status, six of 
these species are native to the UK (Nieto et al. 2014). It is 
important to understand what is causing these declines so 
that we can prevent further loss of wild pollinators.
The majority of publications link pollinator and bee 
declines to various aspects of agricultural intensification, 
such as loss of flower-rich natural and semi-natural habitat 
(Biesmeijer et al. 2006), loss of safe nesting locations in 
close proximity to floral resources (Richards 2001; Goulson 
2003), and increased frequency of application of pesticides 
over the last 80 years (Johansen 1977; Brittain et al. 2010; 
Goulson et al. 2015, 2018). Farmland makes up a large area 
of land in the UK (~ 70%), and therefore it needs to be man-
aged in a way to ensure no further loss of pollinator diversity.
To counteract the loss of pollinators on farmland, member 
states of the European Union (EU) have committed to take 
nationwide action to address pollinator declines (Under-
wood et al. 2017) and the UK released its National Pollina-
tor Strategy in 2014 (DEFRA 2014). These are predomi-
nantly achieved through agri-environment schemes (AES) 
as part of the Common Agricultural Policy (CAP). In the 
UK, the Environmental Stewardship Scheme established 
in 2005 included ‘Nectar flower mixture’ (EF4/HF4) and 
‘Legume rich sward’ (EK21/HK21) options. These required 
a minimum of four and three Fabaceae species to be sown, 
respectively, forming 80–100% of the species found in the 
‘Nectar flower mixture’ option, and covering a minimum 
of 20% of the sown area in ‘Legume rich sward’ option 
(DEFRA 2013a, b). These could be sown in rotating plots 
or along field margins in exchange for monetary returns. 
Under the new Countryside Stewardship (CS) scheme which 
first opened for applications in 2015, the ‘wild pollinator and 
farm wildlife package’ again includes a list of four suggested 
Fabaceae species in the ‘Nectar flower mix’ (AB1) to sow 
alongside two additional perennial species (DEFRA 2018). 
These plants chiefly target long-tongued bumblebees (Corbet 
2006), and the sowing of these seed mixtures on farms has 
led to an increase in the abundance of a few common bum-
blebee species (Wood et al. 2015b). In contrast the commer-
cial wildflower mixes used in Germany, although containing 
multiple Fabaceae species, are overall more diverse than the 
typical pollinator mixes used in the UK (Grass et al. 2016; 
Warzecha et al. 2018).
Fabaceae heavy mixtures, often containing a high pro-
portion of Trifolium spp., are suggested to have been cho-
sen based on an “educated guess” (Williams and Lonsdorf 
2018) after typical grazing meadow wildflowers declined. 
However, these mixes do not cater for the needs of most of 
the wider native bee species, particularly the ~ 240 species 
of solitary bees. In the UK, only 32% of solitary bees present 
on farms visit the wildflowers sown in these mixtures (Wood 
et al. 2015a), with most visits by solitary bees to Centaurea 
nigra, Daucus carota, and Leucantheum vulgare, with very 
few visits to Trifolium spp. (Wood et al. 2017). Seventy three 
percent of foraging visits by solitary bees were to Aster-
aceae and Apiaceae found naturally on farmland and which 
were not part of sown mixes (Wood et al. 2015a). Additional 
research shows no visits were made by cavity-nesting bees in 
the UK to flowers sown as part of an AES seed mix (Gresty 
et al. 2018). This demonstrates that a large proportion of 
UK bee species are not benefitting directly from ‘pollinator’ 
seed mixes, and that there is scope to develop new mixes that 
cater for the needs of a greater diversity of wild bee species.
Many wildflower seed companies produce seeds of plant 
species that are not usually included in farmland seed mixes, 
and for which we do not have robust data on solitary bee 
visitation. By working with Emorsgate Seeds© on one of 
their commercial wildflower farms, we were able to gain 
access to large stands of wildflower species. Wild bees have 
been shown to focus their foraging on floral strips of lower 
species richness (Warzecha et al. 2018) but high floral den-
sity (Balzan et al. 2014). Therefore the wildflower stands 
essentially provided a choice experiment for natural wild 
bee populations. The majority of previous studies of wild 
bee visits to wildflowers have recorded bumblebee species 
but not solitary bees to species level (but see Wood et al. 
2015a, 2017; Warzecha et al. 2018; Ouvrard et al. 2018). 
Here, we identified all bees to species (excluding the Bom-
bus terrestris/lucorum complex). The aim of this project was 
to determine in an environment where each plant species was 
very plentiful (i) which cultivated wildflowers attract the 
greatest number of native bee species; (ii) which wildflower 
species attract which wild bee species, and therefore (iii) 
what wildflowers should be considered for inclusion in an 
improved seed mix intended to cater for a broader suite of 
bee species.
Methods
Study site
The study was conducted in 2018 at Emorsgate Seeds©, 
Manor Farm, a wildflower crop farm near Bath, UK 
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(51°25′46.0″N 2°22′27.7″W). Wildflower crops were estab-
lished as segregated wildflower strips of varying width in the 
clay-based soil from as early as 1999, with the most recent 
in 2017. These wildflower crops and weed areas of varying 
floral diversity were managed in a way to ensure maximum 
seed harvests without requiring ‘clean’ crops or using exces-
sive amounts of agrochemicals. Some crops were inter-row 
sprayed with minimal amounts of industry-standard herbi-
cides and a fungicide to minimise crop losses. Crops, weed 
strips, field margins and verges were monitored for flowering 
plant species from April to August, and distinct wildflower 
patches identified. A total of 31 wildflower transects were 
selected over the season, each surveyed whilst at their floral 
peak (at least 60–70% of plants in flower). Transects were 
50 m in length and walked on two consecutive days (survey 
round). There were a total of eight survey rounds spread 
equally from April to August, and these were combined 
into four survey periods: 20th–21st Apr & 6th–7th May 
(Apr–May), 21st–22nd May & 10th–11th Jun (May–Jun), 
22nd–23rd Jun & 8th–9th Jul (Jun–Jul), and 22nd–23rd Jul 
& 8th–9th Aug (Jul–Aug). Some patches were smaller, in 
which case the transect size was noted. Ideally we would 
have had replicated equal-sized patches of each plant spe-
cies, but as this is a commercial operation this was not pos-
sible. Surveys were conducted between 08:30 and 17:00 
when weather met the UK Butterfly Monitoring Scheme 
conditions: temperature above 13 °C with at least 60% clear 
sky, or 17 °C in any sky conditions, and not raining (Pollard 
and Yates 1993).
Wild bee surveys
Wild bees were recorded while walking along the 50 m tran-
sect, using standard bee walk protocols as in Carvell et al. 
(2006). Bees seen foraging on the target plant species within 
2 m of the observer were recorded. Each was identified to 
species level either in the field or later in the laboratory after 
netting. Bombus terrestris, B. lucorum, B. cryptarum and B. 
magnus are impossible to reliably distinguish in the field, 
and were recorded as Bombus terrestris agg. No distinction 
was made between individuals foraging for pollen or nectar; 
and males, workers and queens were pooled together for 
data analysis.
Floral surveys
Three random 10 × 2  m quadrats of each transect were 
selected, and number of flowers of each species present were 
counted within the following ranges as used in Heard et al. 
(2007): 1–5; 6–25; 26–200; 201–1000; 1001–4999; and 
5000+ flower units (defined as a single flower or an umbel, 
spike or capitulum on multi-flowered stems). The median 
flower number of the range was then used to calculate the 
mean number of flowers for the quadrats and extrapolated 
for the transect (Heard et al. 2007).
Data analysis
All data analysis was handled in R (R Core Team 2018). 
Consecutive survey days were summed together to max-
imise the number of insects analysed in any one round for 
analysis, and modelled using the lme4 package (Bates et al. 
2015). Survey rounds were summed together creating sur-
vey periods to better visualise the data. A scatter plot was 
constructed using gplots (Warnes et al. 2016) and heatmaps 
created using ggplot2 (Wickham 2016).
Wild bee richness and wild bee abundance were analysed 
separately. Richness was N + 1 transformed to deal with zero 
counts causing under-dispersion, and abundance was log 
(N + 1) transformed. Generalised Linear Models were built 
with the response variable ‘bee richness’ or ‘abundance’ and 
explanatory variables: wildflower species; survey round; 
wildflower species density per  m2; transect floral richness; 
and transect size (no interactions). Stepwise removal of 
non-significant explanatory variables was conducted, AIC 
values were compared, and plot diagnostics of residuals of 
the final model were checked. For both bee richness and bee 
abundance, only ‘wildflower species’ and ‘survey period’ 
as explanatory variables were included in the final model. 
Poisson distribution with log link was used for both models. 
An ANOVA Chi squared test of each model was conducted 
to determine significance of explanatory variables.
Visitation records for each wildflower species were 
pooled by bee group (bumblebee or solitary bee), and bee 
richness against bee abundance was plotted. We built a Lin-
ear Model of ‘bee richness’ explained by ‘bee abundance 
(log N + 1)’ and ‘bee group’ to assess the fit of the plot. 
Solitary bees and bumblebees were then modelled separately 
to get the regression line statistics for each group. Plot diag-
nostics of residuals were checked for each model.
Results
Surveys were conducted on 31 different wildflower transects, 
incorporating a total of 45 plant species that were specifi-
cally observed for wild bee visits. The wildflower transects 
were across seven adjoining fields and two roadside verges 
(Supplementary Information—S1). During wildflower sur-
veys, 1691 wild bees were recorded foraging, encompassing 
40 different species. Of these, solitary bees comprised 202 
visits by 32 different species, and bumblebees comprised 
1489 visits by six true social bumblebee species and two 
parasitic Psithyrus spp. (Supplementary Information—S2).
Some bee species were seen more regularly than others 
(Supplementary Information—S3). Bombus lapidarius was 
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highly abundant and made up 54.8% of total wild bee visita-
tion and 62.3% of bumblebee visitations, with the next most 
abundant bumblebee (B. terrestris agg.) comprising only 
12.4% of Bombus visits. Of the ten genera of solitary bees 
seen, Andrena spp. had the highest abundance, comprising 
59.4% of all solitary bee visits. Lasioglossum spp. were the 
next most abundant, making up 23.8% of all solitary bee 
visits. Multiple genera were represented by a single species, 
included Anthophora plumipes (6.9% of solitary bee visits) 
and Halictus tumulorum (5.0% of visits). Eleven species in 
total were recorded only once.
Wildflowers attracting greatest diversity of bees
Of the 45 wildflowers surveyed, solitary bees were found 
on 30 species across 14 families, and bumblebees found on 
27 species across 13 families. Five wildflowers, Silene vul-
garis, Geranium lucidium, Veronica chamaedrys, Ranuncu-
lus acris, and Viola arvensis, were not visited by any bees 
during the surveys.
Overall, a wide variety of wildflowers were visited by 
high numbers of wild bee species, with a statistically sig-
nificant difference in wild bee richness observed between 
wildflower species (GLM:  X2 = 74.49, d.f. = 44, P = 0.003). 
All wild bee visitations to wildflowers over the season were 
pooled and wildflowers ranked in order of bee richness 
(Table 1). The top 14 wildflowers were visited by 37 out 
of the 40 wild bee species recorded and received 99.7% of 
all visitations (Supplementary Information—S4). The top 
wildflower species for maximum wild bee richness include 
the Asteraceae Crepis capillaris and Taraxacum agg., along 
with two Geraniaceae (G. pratense and G. pyrenaicum), 
followed closely by Convolvulus arvensis and Centaurea 
scabiosa. The only bee species not visiting these 14 plant 
species were Colletes daviesanus, Melitta haemorrhoidalis, 
and Nomada flavoguttata.
Wild bee abundance differed greatly between wildflower 
species (Table 1) (GLM:  X2 = 75.633, d.f. = 44, P= 0.002). 
High numbers of bumblebees were seen during the sur-
veys, obscuring the solitary bee visitation data, and so the 
two groups are considered separately. Plotting bee rich-
ness against abundance for each bee group shows there is 
a positive correlation, as wildflowers with high abundance 
of bee visitors were also visited by more species (Fig. 1). 
Overall, the linear model provided a good fit to the data 
 (F2,87 = 89.72, P < 0.001, adjusted  R2 = 0.67). Solitary bees 
appear to reach a greater number of species at lower abun-
dances (slope estimate: 1.94, SE = 0.15)  (F1,43 = 175.8, 
P < 0.001, adjusted  R2 = 0.799) than bumblebees (slope 
estimate: 0.83, SE = 0.07)  (F1,43 = 143.7, P < 0.001, adjusted 
 R2 = 0.764). Visualised in this manner, the top wildflower 
species for solitary bees and bumblebees in both terms of 
richness and abundance can be identified for each group, and 
tabulated separately (Table 2).
Although the species lists are of similar length for each 
bee group, only Crepis capillaris, Taraxacum agg., and 
Table 1  Highest ranking 
wildflower species for wild bee 
richness over the season
Wild bee visitations to wildflowers over the season were pooled. Wildflowers were then ranked in order 
of bee richness creating a species list of 14 top-ranking wildflowers for the whole season. Total bee abun-
dance records for wildflowers also shown. Period indicates which survey period(s) the wildflower was sur-
veyed: 1 = Apr–May, 2 = May–Jun, 3 = Jun–Jul, 4 = Jul–Aug
a Wildflower typically considered undesirable or “weeds” (Hicks et al. 2016)
b Included in commercial pollinator mixes
c Included in government recommended mixes (Supplementary Information—S5)
Period Wildflower family Wildflower species Wild bee rich-
ness
Wild bee 
abundance
2, 3 Asteraceae Crepis capillarisa 11.0 115.0
1, 2 Asteraceae Taraxacum agg.ab 10.0 21.0
2, 3 Geraniaceae Geranium pratenseb 10.0 172.0
2 Geraniaceae Geranium pyrenaicum 10.0 17.0
4 Convolvulaceae Convolvulus arvensisa 9.0 40.0
2, 3, 4 Asteraceae Centaurea scabiosab 8.0 426.0
3, 4 Apiaceae Daucus carotabc 7.0 10.0
3 Asteraceae Sonchus arvensisa 7.0 27.0
1, 2, 4 Brassicaceae Sinapsis arvensisa 7.0 14.0
3, 4 Lamiaceae Origanum vulgareb 7.0 142.0
1 Primulaceae Primula vulgaris 7.0 21.0
2 Apiaceae Chaerophyllum temulum 6.0 33.0
2, 3 Fabaceae Anthyllis vulnerariab 6.0 204.0
2, 3, 4 Papaveraceae Papaver rhoeasb 5.0 55.0
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Geranium pyrenaicum are seen in both, and the family 
diversity of wildflowers varies between both lists.
This list of 16 wildflowers again encompasses 37 out 
of 40 wild bee species, but only 78.8% of all visitations, 
the same species unaccounted for as before. Eleven bee 
species were recorded only once, and nine wildflowers 
were visited only once. To cater for the widest range 
of wild bees these scarcer bees would need to be taken 
into account. Inclusion of Campanula rotundifolia and 
Tripleurospermum inodorum in either wildflower list 
(Tables 1, 2) would result in maximum wild bee richness.
Although survey period had no significant effect on over-
all wild bee richness (GLM:  X2 = 6.117, d.f. = 7, P= 0.526) 
or abundance (GLM:  X2 = 4.64, d.f. = 7, P= 0.704), the 
importance of different wildflowers during each survey 
period is apparent (Fig. 2), as solitary bees and bumblebees 
visiting each plant species show markedly different temporal 
patterns. During Apr–May, Sinapsis arvensis appeared to be 
particularly important to solitary bees, whereas Taraxacum 
agg. and Primula vulgaris appear to have equal importance 
for solitary bees and bumblebees. In May–Jun, there were 
three Apiaceae species available that solitary bees were for-
aging from, however, it is clear that Chaerophyllum temu-
lum and Conopodium majus attracted more species than 
Anthriscus sylvestris, despite the latter being in flower for 
longer. Throughout May–Jun and Jun–Jul, various Apiaceae 
and Asteraceae species appeared to play an important role 
in supporting solitary bee richness, along with Geranium 
pyrenaicum. However, bumblebee richness was highest on 
G. pratense. Additionally, there were five Fabaceae species 
available that bumblebees were foraging from, with Anthyllis 
vulneraria being visited by the most species and individu-
als. Finally, during Jul–Aug, Convolvulus arvensis was very 
important for solitary bee richness and abundance, while the 
bumblebees were mostly attracted to Centaurea scabiosa 
and Origanum vulgare at this time. Another element to note 
is the flowering periods of certain species. Centaurea sca-
biosa was flowering from May to Jun right through to Jul-
Aug, and its importance for bumblebee richness gradually 
increased during the season. Papaver rhoeas was flowering 
for a similar length of time, but its importance for solitary 
Fig. 1  Wild bee richness against abundance. Bee richness plotted 
against log bee abundance (N + 1) for each wildflower surveyed for 
each bee group and regression lines fitted. Bumblebees = black, soli-
tary bees = grey (created in ggplot2 using jitter positioning to avoid 
point overlap)
Table 2  Comparing highest 
ranking wildflowers over the 
season for solitary bees and 
bumblebees
Wild bee visitations to wildflowers over the season were pooled individually for bumblebees and solitary 
bees. Wildflowers were then ranked in order of bee richness creating a species list of 16 different top-rank-
ing wildflowers, ten for solitary bees, nine for bumblebees, with three found in both groups
a Wildflower typically considered undesirable or “weeds” (Hicks et al. 2016)
b Included in commercial pollinator mixes
c Included in government recommended mixes (Supplementary Information—S5)
Solitary bees Bumblebees
Wildflower Richness Abundance Wildflower Richness Abundance
Crepis capillarisa 7.0 10.0 Geranium pratenseb 7.0 169.0
Sinapsis arvensisa 7.0 14.0 Centaurea scabiosab 5.0 423.0
Convolvulus arvensisa 7.0 18.0 Origanum vulgare 5.0 138.0
Daucus carotabc 6.0 9.0 Crepis capillarisa 4.0 105.0
Sonchus arvensisa 6.0 10.0 Leontodon hispidus 4.0 53.0
Taraxacum agg.ab 6.0 13.0 Taraxacum agg.ab 4.0 8.0
Geranium pyrenaicum 6.0 6.0 Anthyllis vulnerariab 4.0 202.0
Chaerophyllum temulum 5.0 31.0 Geranium pyrenaicum 4.0 11.0
Conopodium majus 4.0 14.0 Malva moschatabc 4.0 24.0
Primula vulgaris 4.0 17.0
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bee richness came early on in the season, whereas the num-
ber of bumblebee species it attracted remained approxi-
mately constant over the season.
Species‑specific attraction to different wildflowers
Separating visitation data by bee group to different wild-
flowers (Fig. 2) and families (Supplementary Information—
S6) reveals how much these differ between the bee groups. 
However, separating wild bee visitations down to species 
level ensures no species-specific preferences are overlooked 
(Fig. 3).
Bumblebees
Bombus lapidarius and B. terrestris agg. visited a great 
range of wildflower species, 18 and 17 respectively, with 
most visits to Centaurea scabiosa (38.3% and 26.6% of 
visits respectively). Bombus lapidarius and B. terrestris 
agg. were the only bees recorded on Centaurea nigra, 
which received only 6.0% of all Bombus visits in com-
parison to 28.4% of Bombus visits to C. scabiosa. Bom-
bus terrestris agg. were also observed in high numbers on 
Origanum vulgare (26.1% of visits). In strong contrast, 
B. hortorum showed reduced variability, as 98.5% of its 
visits were to Anthyllus vulneraria. Likewise, B. pascuo-
rum favoured A. vulneraria, with 42.6% of visits. Bombus 
pascuorum was also the only bumblebee to visit at least 
four out of the five Fabaceae species surveyed. Anthyl-
lus vulneraria received 13.6% of total Bombus visits, and 
Lotus corniculatus received 7.1%. Trifolium pratense and 
T. repens received only 0.5% of Bombus visits combined. 
Bombus pratorum and B. hypnorum were seen most regu-
larly on Geranium pratense (87.3% and 48.3% of visits 
respectively). Therefore the list of wildflowers important 
to bumblebees (Table 2) encompasses the most significant 
wildflower for each of the bumblebees we recorded during 
surveys.
Solitary bee
Anthriscus sylvestris
Chaerophyllum temulum
Conopodium majus
Daucus carota
Heracleum sphondylium
Centaurea nigra
Centaurea scabiosa
Crepis capillaris
Leontodon hispidus
Leucanthemum vulgare
Sonchus arvensis
Taraxacum agg.
Tripleurospermum inodorum
Myosos arvensis
Sinapsis arvensis
Campanula rotundifolia
Silene vulgaris
Convolvulus arvensis
Anthyllis vulneraria
Lotus corniculatus
Trifolium pratense
Trifolium repens
Vicia sepium
Geranium lucidum
Geranium molle
Geranium pratense
Geranium pyrenaicum
Geranium roberanum
Hypericum perforatum
Lamium purpureum
Origanum vulagre
Prunella vulgaris
Stachys sylvaca
Malva moschata
Rhinanthus minor
Papaver rhoeas
Veronica chamaedrys
Veronica persica
Primula veris
Primula vulgaris
Ranunculus acris
Ranunculus bulbosus
Ranunculus repens
Reseda lutea
Viola arvensis
Apiaceae
Asteraceae
Boraginaceae
Brassicaceae
Campanulaceae
Caryophyllaceae
Convolvulaceae
Fabaceae
Geraniaceae
Hypericaceae
Lamiaceae
Malvaceae
Orobanchaceae
Papaveraceae
Plantaginaceae
Primulaceae
Ranunculaceae
Resedaceae
Violaceae
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Fig. 2  Comparison of solitary bee and bumblebee species richness 
and abundance for each wildflower species per survey period. Squares 
where no survey took place are white. Richness and abundance are 
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Solitary bees
The majority of Andrena spp. visits (69.2%) fell within 
just two families, the Apiaceae and Asteraceae (51.7% and 
15.5% respectively). Only Andrena wilkella was not seen 
on either family, foraging solely on Fabaceae (Anthyllus 
vulneraria and Lotus corniculatus). Andrena haemor-
rhoa and A. bicolor had the most diverse foraging ranges, 
recorded on eight and seven different wildflower species 
respectively, and across six flower families, recorded in 
high numbers on Primula vulgaris (21.7% and 37.5% 
respectively). Although Daucus carota received higher 
Andrena spp. richness (6/13) than Chaerophyllum temu-
lum (4/13), the latter had more Andrena spp. visits overall 
(14.5% and 51.6% respectively). Taraxacum agg. were the 
key Asteraceae species for Andrena spp., attracting 47.6% 
of Andrena visits to this plant family.
Unlike Andrena spp., Lasioglossum spp. had greatest 
number of visits to Convolvulus arvensis (31.3%), Aster-
aceae (22.9%), and Geraniaceae (18.8%). Sonchus arvensis 
received the greatest percentage (55.6%) of Lasioglossum 
visits to Asteraceae. Lasioglossum calcaetum was observed 
to be the most diverse in its foraging, both within Lasio-
glossum and all solitary bees, recorded on ten different 
wildflower species, across seven different families. Finally, 
Sinapsis arvensis is also important to note, as it received 
10.4% of Lasioglossum visits.
Halictus tumulorum was the sole Halictus spp. to be 
recorded, and visited six different wildflower species, with 
the majority of visits to Taraxacum agg. and Origanum vul-
gare. Anthophora plumipes was one of the earliest flying 
solitary bees, and ideally requires Primulaceae (57.1% of 
visits) or Lamium purpureum (28.6% of visits) to meet its 
foraging requirements. Additional solitary bees were not 
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recorded regularly, and it would be difficult to make gen-
eralisations about their foraging habits based on these low 
numbers, however, overall they were found to be foraging 
predominantly on Asteraceae (66.7% of visits).
Optimal wildflower seed mixture
Using wildflowers found to be important for both richness 
and abundance of solitary bees and bumblebees (Tables 1, 
2), as well as wildflowers to achieve total bee richness, it 
is possible to create a suggested wildflower mix (Table 3). 
The wildflower species currently suggested by DEFRA are 
markedly different from those we found to be important, 
both for solitary bees and for bumblebees, with only two 
species overlapping with our own mix.
Discussion
This study differs somewhat from traditional seed mix trials 
which contain plots of diverse mixes (Carvell et al. 2007; 
Uyttenbroeck et al. 2017; Warzecha et al. 2018), or farm-
land transect walks around field margins (Wood et al. 2015a, 
2017). The majority of transects in this study had very low 
levels of plant diversity, and relatively high floral density 
due to the crop-like manner in which the plant species were 
established and managed. This essentially provided a choice 
experiment as wild bees were able to select their “preferred” 
species to forage from, given a wide choice of high density 
blocks.
Out of the 40 different wildflower species visited by wild 
bees, only 14 species from nine families attracted 99.7% 
of visits, and 92.5% of bee species (Table 1). The final list 
of 18 recommended wildflowers (Table 3) was sufficient to 
provide forage for 100.0% bee species observed. This finding 
is similar to Warzecha et al. (2018), who found a minimum 
of 14 wildflower species across seven families could achieve 
maximum wild pollinator diversity in Germany. Both studies 
agree that a range of Asteraceae species were vital for wild 
bee diversity, however, only Daucus carota appeared in both 
top 14 plant species lists. This shows that not all regional 
plant species are required in a seed mix, but just 14–18 key 
species could create a suitable mix that supports the full 
diversity of local wild bee populations. Of course there are 
many other species of pollinator beyond bees, and further 
research is needed to investigate how best to cater for all of 
their needs.
Bumblebees
Bumblebee targeting seed mixes have historically composed 
of Fabaceae in the UK (particularly Trifolium spp. and Lotus 
corniculatus). However, our findings raise questions as to 
whether these are the best species for bumblebees. Not 
Table 3  Comparison of recommended wildflowers
The lists of wildflowers suggested by DEFRA (AB1 and AB8) for wildflower areas designed to target pollinators in comparison to the wildflow-
ers found by this study to maximise wild bee diversity. Flowers in bold are found across more than one list. List from our study contains the 14 
top-ranking wildflowers (Table 1), plus additional species noted in Table 2, and those noted to ensure maximum wild bee diversity
Wildflowers for maximum wild bee diversity (our study) AB1: nectar flower mix AB8: flower-rich margins and plots
Anthyllis vulneraria (Kidney vetch) Centaurea nigra Achillea millefolium
Campanula rotundifolia (Harebell) Lotus corniculatus Centaurea nigra
Centaurea scabiosa (Greater knapweed) Malva moschata Daucus carota
Chaerophyllum temulum (Rough chervil) Onobrychis viciifolia Leaucanthemum vulgare
Conopodium majus (Pignut) Trifolium hybridum Lotus corniculatus
Convolvulus arvensis (Bindweed) Trifolium pratense Plantago lanceolata
Crepis capillaris (Smooth hawksbeard) Prunella vulgaris
Daucus carota (Wild carrot) Ranunculus acris
Geranium pratense (Meadow cranesbill) Rhinanthus minor
Geranium pyrenaicum (Hedgerow cranesbill) Rumex Acetosa
Malva moschata (Musk mallow)
Origanum vulgare (Wild marjoram)
Papaver rhoeas (Poppy)
Primula vulgaris (Primrose)
Sinapsis arvensis (Charlock)
Sonchus arvensis (Perennial sow-thistle)
Taraxacum agg. (Dandelion)
Tripleurospermum inodorum (Scentless mayweed)
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only were Asteraceae and Geraniaceae species the highest 
ranking for bumblebee richness and abundance, but only 
one Fabaceae, Anthyllis vulneraria, was in our top-ranking 
lists, a species not typically found in recommended mixes. 
Previous work found bumblebee richness and abundance to 
be highest in sown Fabaceae patches (Carvell et al. 2007). 
Trifolium species are not particularly rewarding in terms of 
nectar sugar content, but the pollen of Fabaceae is relatively 
rich in protein (Hanley et al. 2008), and it has been argued 
that this explains why they are popular with many bumble-
bees (Goulson et al. 2008). However, our findings suggest 
that, when other wildflower species are available in suitable 
densities, bumblebees would rather forage from these.
Wildflowers noted as being particularly important for 
bumblebee richness and abundance were Geranium pratense 
and Centaurea scabiosa. Neither are required in the cur-
rent AES pollinator mixes (AB1 and AB8) (DEFRA 2018), 
however, they are occasionally included in other commer-
cial mixes (Supplementary Information—S5). In contrast, 
Centaurea nigra is often the recommended perennial to add 
to wildflower mixes to ensure their continued bloom year 
on year (DEFRA 2018), but it never appeared in any of the 
top-ranking wildflower lists from our study. Not only is C. 
scabiosa a very similar Asteraceae, but it was visited by 
more species and individuals overall, it also has a longer 
flowering time. It might therefore make sense to consider 
including C. scabiosa in a pollinator mix, as it may attract 
additional pollinating species besides just wild bees.
A number of wildflowers we found to be important for 
bumblebees could easily be sown or added into mixes. Few 
were regarded as undesirable weeds (Table 2) and at least 
half are already regularly found in seed mixes provided by 
varying companies (S5) (Geranium pratense, Centaurea 
scabiosa, Origanus vulgare, Crepis capillaris, Leontodon 
hispidus, Taraxacum agg., Anthyllis vulneraria, Geranium 
pyrenaicum, Malva moschata).
Solitary bees
Ten wildflower species across six families were highlighted 
as being important for optimum solitary bee richness 
(Table 2), in particular Apiaceae and Asteraceae species. 
Asteraceae were shown to be vital for multiple genera and 
species of solitary bees, with a total of 20.8% of solitary 
bee visitations to Asteraceae species. Although Andrena 
spp. showed a particular liking for Apiaceae, only Dau-
cus carota has been previously used or recommended as a 
wildflower sown in seed mixes (Wood et al. 2015a, 2017; 
DEFRA 2018). Apiaceae such as Anthriscus sylvestris and 
Chaerophyllum temulum are often naturally found on farm-
land (Wood et al. 2017), so typically might not be included 
in a seed mix. However, our study shows that at least two 
or three different Apiaceae are required to support solitary 
bees.
Roughly half of the species we have suggested for soli-
tary bees are considered “weeds” and wouldn’t typically be 
included in seed mixes, despite having some of the highest 
amounts of pollen and/or nectar in wildflowers (Hicks et al. 
2016). For example, we suggest species such as Taraxacum 
agg., Crepis capillaris, and Tripleurospermum inodorum, 
all of which are rarely suggested for seed mixes, despite 
having high levels of pollen (Hicks et al. 2016). Our study 
reiterates previous research that suggests typical seed mixes 
rarely support wider bee fauna (Carvell et al. 2007; Balzan 
et al. 2014), and the importance of weeds and surrounding 
landscape flora for supporting solitary bees (Scheper et al. 
2015; Wood et al. 2017; Sutter et al. 2017).
As with bumblebees, many wildflowers which are widely 
visited by bees in farmland were not preferred by bees in 
this study. For example, Wood et al. (2017) found that Leu-
canthemum vulgare and Heracleum sphondyllium received 
many solitary bee visits. In contrast, during our study these 
wildflowers had very few solitary bees observed foraging on 
them with Leucanthemum vulgare having only one recorded 
visiting solitary bee throughout the whole summer season. 
Wood et al. (2017) showed that as the proportion of flower-
ing units of plant species sown as part of pollinator friendly 
management increased, so did the proportion of pollen vis-
its be solitary bees. This suggests that they make use of 
whatever is most abundant, even if it is not their “preferred” 
foraging source.
Finally, the flight seasons of solitary bees should be taken 
into consideration when formulating a seed mixture. Many 
species have a relatively short flight season, some with a 
second generation that utilises an alternative foraging source 
to the first generation (Falk and Lewington 2015). Therefore, 
wildflowers must be selected that will flower during differ-
ent months, with maximum coverage throughout the year. 
In particular, mixes that specifically contain earlier flower 
plants have previously been found to be more attractive to 
wild pollinators (Dicks et al. 2015; Wood et al. 2017).
Conclusions
We identify a relatively small number of wildflower species 
that are highly attractive to a broad range of bee species 
when bees are given a wide choice of flowers at high den-
sity. Interestingly, most of these species are not currently 
included in standard “pollinator” mixes, while the wildflow-
ers that are included did not fare particularly well in our 
study. Overall, this suggests that there is scope for improve-
ment of the seed mixes recommended to farmers and that 
seed mixes could be better tailored to attract a wider range 
of pollinators or to serve a more specific purpose. Flowering 
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times should also be taken into consideration so that nec-
tar flower mixes do not detract bees from crop pollination. 
However, it should be noted that some of the species that 
performed well in our study are weeds which might create 
agronomic difficulties. For example, Sinapsis arvensis is a 
serious weed of oilseed rape crops. It is unknown how well 
the species which were most attractive to bees in our study 
would perform when sown in mixtures on farmland.
We suggest that there is a need to trial mixtures con-
taining these species alongside the current recommended 
wildflower mixes. This would show us how well the seed 
mixes establish in comparison to the current mixes, how well 
they provided forage throughout the year and over the years, 
whether any of these plant species would cause significant 
agronomic problems for farmers, and if any species are par-
ticularly dominant and out-compete the others.
We focus here on bees, but there are many other flower-
visiting insects, such as Syrphidae, Lepidoptera, various 
wasps, beetles and many others which we should not for-
get. We are currently trialling wildflower mixes based on 
this study, aiming to fill some of these knowledge gaps, and 
determine the attractiveness of these mixes to other wild 
pollinators as well as native bees.
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